Abstract Tetanic stimulation of the sciatic nerve (TSS) triggers long-term potentiation in the dorsal horn of the spinal cord and long-lasting pain hypersensitivity. CX3CL1-CX3CR1 signaling is an important pathway in neuronalmicroglial activation. Nuclear factor jB (NF-jB) is a key signal transduction molecule that regulates neuroinflammation and neuropathic pain. Here, we set out to determine whether and how NF-jB and CX3CR1 are involved in the mechanism underlying the pathological changes induced by TSS. After unilateral TSS, significant bilateral mechanical allodynia was induced, as assessed by the von Frey test. The expression of phosphorylated NF-jB (pNF-jB) and CX3CR1 was significantly up-regulated in the bilateral dorsal horn. Immunofluorescence staining demonstrated that pNF-jB and NeuN co-existed, implying that the NF-jB pathway is predominantly activated in neurons following TSS. Administration of either the NF-jB inhibitor ammonium pyrrolidine dithiocarbamate or a CX3CR1-neutralizing antibody blocked the development and maintenance of neuropathic pain. In addition, blockade of NF-jB downregulated the expression of CX3CL1-CX3CR1 signaling, and conversely the CX3CR1-neutralizing antibody also down-regulated pNF-jB. These findings suggest an involvement of NF-jB and the CX3CR1 signaling network in the development and maintenance of TSS-induced mechanical allodynia. Our work suggests the potential clinical application of NF-jB inhibitors or CX3CR1-neutralizing antibodies in treating pathological pain.
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Introduction
Many reports have confirmed that tetanic stimulation of the sciatic nerve (TSS) effectively induces long-term potentiation (LTP) of C-and A-fiber-evoked field potentials in the spinal dorsal horn, as well as long-lasting hypersensitivity to pain such as mechanical allodynia and thermal hyperalgesia [1] [2] [3] . LTP could also be regarded as a substrate for central sensitization of the pain pathway. But the mechanisms underlying the behavioral hypersensitivity caused by TSS still require further elucidation. Previously, we reported the cooperative activation of astrocytes and microglia during TSS-induced LTP [4] . On the other hand, we have also shown that P2X7 receptors might participate in the communication between microglia and neurons in the process of LTP evoked by TSS [3] . However, the intracellular (especially intranuclear) signaling that mediates the interaction between nerve cells remains largely unclear. Given that gliocytes participate in pathological pain, it is reasonable to hypothesize that inflammatory signals may be involved in the intracellular changes, so the transcription factor nuclear factor-kappa B (NF-jB), a frequently activated nuclear pathway in inflammatory cascades in neurons, may play a role in this induction. NFjB, a key signal transduction molecule that regulates immuno-genes and inflammatory genes, is usually activated in the early phase of neuropathic pain [5] . In addition, CX3CL1 (fractalkine) and its receptor CX3CR1 are also known to regulate neuroinflammation in neuropathic pain via neuronal-glial signaling in the spinal cord [6] [7] [8] [9] [10] . Thus, we designed experiments to investigate whether TSS triggers NF-jB activation and alters the CX3CR1 expression in the dorsal horn and whether they participate in the TSS-induced development and maintenance of mechanical allodynia. Further, crosstalk between the NF-jB and CX3CL1/CX3CR1 axis was also probed. Our findings not only showed that these two pathways and their interaction are important participators in TSS-induced mechanical allodynia, but also provided interesting evidence for the spinal mechanism of mirror pain. 
Materials and Methods Animals

Tetanic Stimulation of Sciatic Nerve (TSS)
Under pentobarbital sodium anesthesia (80 mg/kg, i.p.), the left sciatic nerve was carefully exposed at mid-thigh level and hung on a pair of silver hooks (only the sites touching the sciatic nerve were electrically conductive). The tetanic stimulation consisted of 10 trains of 0.5 ms rectangular pulses at 100 Hz and 40 V, 2 s in duration at 10-s intervals. After stimulation, the muscle and skin were sutured in layers. The sham-operated group received the same manipulation but without stimulation.
Von Frey Test for Mechanical Allodynia
Animals were allowed to acclimate for 30 min before testing. Each rat was placed in a chamber (20 9 10 9 20 cm 3 ) on a platform with 10-mm grids of iron wires throughout the entire area. A series of von Frey filaments was applied to the central region of the plantar surface of one hind paw in ascending order (1 g, 1.4 g, 2 g, 4 g, 6 g, 8 g, 10 g, 15 g, and 26 g). Each filament was tested 5 times at 15-s intervals. The paw withdrawal threshold (PWT) was defined as the lowest force in grams that produced at least 4 withdrawal responses in 5 consecutive applications.
Drug Administration
Drugs were administered by lumbar puncture injection. Under isoflurane anesthesia, each rat was placed in a Plexiglas tube to widen the intervertebral spaces. No more than 15 lL of drug was delivered into the spinal space with a 30-gauge needle between the L5 and L6 vertebrae. PDTC (ammonium pyrrolidinedithiocarbamate, Sigma-Aldrich, St. Louis, MO; 100 ng/15 lL), rabbit anti-CX3CR1 (Torrey Pines Biolabs, Secaucus, NJ) or normal rabbit IgG (R&D Systems, Minneapolis, MN) was injected over a period of 4 min. Sterile normal saline was used as the solvent control.
Immunohistochemistry
Under deep anesthesia with an overdose of chloral hydrate (500 mg/kg, i.p.), animals were perfused intracardially with saline followed by 4% paraformaldehyde in 0.1 mol/L phosphate buffer (PBS; pH 7.4). The L4/L5 spinal segments were removed and postfixed overnight in 4% paraformaldehyde, which was then replaced with 20%-30% gradient sucrose in 0.1 mol/L PBS for 24-48 h at 4°C. Tissues were frozen after OCT (optimal cutting temperature compound) embedding, and then cut at 30 lm on a freezing microtome (Leica, Wetzlar, Germany). For immunofluorescence staining, sections were washed, blocked with 10% donkey serum in 0.01 mol/L PBS with 0.3% Triton X-100 for 2 h, and incubated overnight at 4°C with primary antibodies. On the next day, the sections were washed with PBS and incubated with secondary antibodies for 2 h, and then washed again. Sections were finally observed under a confocal laserscanning microscope (FV1000, Olympus, Tokyo, Japan). The following primary antibodies were used: rabbit-antipNF-jB (1:200, Acris Antibodies GmbH, Herford, Germany), rabbit-anti-CX3CR1 (1:1000, Torrey Pines Biolabs, Secaucus, NJ), mouse anti-NeuN (1:1000, Millipore, Temecula, CA), mouse anti-GFAP (1:1000, Sigma-Aldrich, St Louis, MO), and mouse anti-OX-42 (1:1000, Bio-Rad, Oxford, UK, formerly Serotec). The secondary antibodies were RRX-labeled donkey anti-mouse or donkey anti-rabbit IgG (1:200, Jackson Immunoresearch, West Grove, PA) and FITC-labeled donkey anti-rabbit or donkey anti-mouse IgG (1:200, Jackson Immunoresearch, West Grove, PA). The specificity of immunostaining was verified by omitting the primary antibodies. The specificity of the primary antibodies was verified in pre-absorption experiments. Sections were first incubated with a mixture of primary antibody and the corresponding blocking peptide for 24 h, followed by secondary antibody incubation. The immunostaining signal was abolished after absorption.
Western Blots
After sacrifice, the L4-L6 spinal cord was rapidly removed. The spinal segments were cut into left and right halves along the ventral midline, and the left half was further split into dorsal and ventral horns at the level of the central canal. The dorsal horn tissues were homogenized and the protein concentrations measured. Samples of equal amounts of protein were loaded and separated on 10% SDS-PAGE gel and transferred to PVDF membranes. The membranes were blocked with 5% nonfat milk in Tris-buffered saline (pH 7.5) with 0.1% Tween-20 for 2 h at room temperature, and incubated overnight at 4°C with primary antibodies. The blots were then incubated with HRP-conjugated secondary antibodies (1:1000, Thermo Scientific Pierce, Thermo Fisher Scientific Inc., Waltham, MA) for 2 h. Signals were detected using enhanced chemiluminescence (ECL, Thermo Scientific Pierce, Thermo Fisher Scientific Inc.), and the bands were analyzed with the ChemiDoc XRS system (Bio-Rad, Oxford, UK). The primary antibodies were rabbit anti-CX3CR1 (1:2000, Torrey Pines Biolabs, Secaucus, NJ) and rabbit-anti-pNF-jB (1:2000, Acris Antibodies GmbH, Herford, Germany).
ELISA Assay
A rat CX3CL1 ''Sandwich'' ELISA kit (RayBiotech, Norcross, GA) was used to assess CX3CL1 content. Rat recombinant fractalkine standards and samples in 100 lL were run in duplicate according to the manufacturer's instructions. The optical density of each well was read at 450 nm.
Statistical Analysis
All data in this study are expressed as mean ± SEM. Oneway or two-way repeated measures analysis of variance (RM-ANOVA) followed by the appropriate post hoc analysis was used to determine individual group differences. P \ 0.05 was considered statistically significant.
Results
TSS Induces Activation of NF-jB in the Spinal Dorsal Horn
Consistent with our previous studies [11, 12] , TSS induced a robust bilateral mechanical allodynia in rats. The PWTs for von Frey filaments were significantly decreased in both hind paws from day 1 after TSS and lasted for at least 10 days. The PWTs in the sham group did not show any significant changes on any day after surgery (Fig. 1A, B) . Two-way RM-ANOVA revealed a significant effect of TSS (ipsilateral: F 1,18 = 227.31, P \ 0.01; contralateral: F 1,18 = 214.42, P \ 0.01) and an interaction between TSS treatment and time (ipsilateral: F 6,108 = 48.27, P \ 0.01; contralateral: F 6,108 = 64.75, P \ 0.01).
Corresponding to the mirror-like mechanical allodynia, western blot analysis showed significant up-regulation of pNF-jB levels on both sides of the dorsal horn at 1 days, 3 days, and 7 days after TSS (Fig. 1C, D; one-way ANOVA, F 4,20 = 21.731, P \ 0.01), suggesting that NFjB may be involved in the onset and maintenance of TSSinduced mechanical allodynia.
To determine the distribution of activated NF-jB in the dorsal horn, we performed double immunofluorescent staining for pNF-jB and NeuN (a neuronal marker), CD11 (a microglial marker, labeled by the antibody OX-42), or GFAP (an astrocytic marker) on sections of the L4-L6 spinal cord. Moderate pNF-jB immunoreactivity (IR) was found in all layers of the dorsal horn of shamoperated rats, and was exclusively co-localized with NeuN. TSS induced marked increases in the density and intensity of pNF-jB-IR cells in the ipsilateral spinal cord when examined 3 days after TSS, and a majority of pNF-jB-IR was found in NeuN-IR neurons, rarely in GFAP-IR astrocytes, and not in OX-42-IR microglia (Fig. 2) .
NF-jB Inhibition Alleviates the Development and Maintenance of Mechanical Allodynia
To address the role of NF-jB in the development of TSSinduced mechanical allodynia, the NF-jB p65 inhibitor PDTC (100 ng/15 lL) was delivered intrathecally (i.t.) 1 h before and 12 h after TSS. TSS-induced mechanical allodynia was clearly alleviated by PDTC ( Fig. 3A; twoway RM-ANOVA, treatment: F 1,12 = 41.26, P \ 0.01; treatment 9 time: F 5,60 = 10.78, P \ 0.01), while it did not affect the PWTs in sham-operated animals (Fig. 3B) . To assess whether NF-jB is involved in the maintenance of TSS-induced pathological pain, the effects of PDTC on existing mechanical allodynia were examined 5 days after TSS. I.t. injection of PDTC (100 ng/15 lL) once daily for three consecutive days (days 5-7 after TSS) suppressed the established allodynia from day 7 to day 14 ( Fig. 3C ; twoway RM-ANOVA, treatment: F 1,12 = 9.839, P \ 0.01; treatment 9 time: F 7,84 = 3.284, P \ 0.01). Collectively, these findings suggest that NF-jB activation in the dorsal horn is necessary for both the development and maintenance of TSS-induced allodynia.
CX3CR1 is Involved in TSS-Induced Mechanical Allodynia
Next, we assessed the changes of CX3CR1 expression after TSS. Similar to the activation of NF-jB, Western blot analysis showed that the expression of CX3CR1 was increased on both sides of the dorsal horn at all time points after TSS ( Fig. 4A, B ; one-way ANOVA, F 4,25 = 19.24, P \ 0.01). Blockade of CX3CR1 by CX3CR1-neutralizing antibody (15 lg) at 1 h before and 12 h after TSS prevented the development of TSS-induced allodynia ( Fig. 5A ; twoway RM-ANOVA, treatment: F 1,12 = 33.84, P \ 0.01; treatment 9 time: F 5,60 = 3.019, P = 0.016). I.t. injection of CX3CR1-neutralizing antibody or IgG did not affect the PWTs in sham-operated animals (Fig. 5B) . Furthermore, when the mechanical allodynia stabilized at 5 days after TSS, the CX3CR1-neutralizing antibody reversed the existing allodynia ( Fig. 5C ; two-way RM-ANOVA, treatment: F 1,12 = 16.88, P \ 0.01; treatment 9 time: F 5,60 = 3.017, P \ 0.01).
Interaction of NF-jB and CX3CL1-CX3CR1 Signaling
NF-jB regulates the expression of many cytokines and chemokines. To determine whether NF-jB signaling participates in the TSS-induced CX3CR1 upregulation, PDTC (100 ng/15 lL) was delivered i.t. 1 h before and 12 h after TSS, and the CX3CR1 expression levels were examined on days 1 and 3. The results showed that PDTC significantly downregulated the level of CX3CR1 on both day 1 and day 3 after TSS ( Fig. 6A, B ; one-way ANOVA, day 1: F 3,20 = 20.90, P \ 0.01; day 3: F 3,20 = 74.49, P \ 0.01). Moreover, we examined the effect of PDTC on the spinal CX3CL1 level. ELISA assays revealed that i.t. injection of PDTC (100 ng/15 lL, 1 h before and 12 h after TSS) significantly attenuated the TSS-induced CX3CL1 upregulation ( Fig. 6C ; one-way ANOVA: F 2,12 = 4.93, P = 0.027). Interestingly, i.t. injection of CX3CR1-antibody also inhibited the TSS-induced phosphorylation of NF-jB in the dorsal horn (Fig. 6D-F , oneway ANOVA, day 1: F 3,20 = 42.34, P \ 0.01; day 3: F 3,20 = 78.38, P \ 0.01). Together, these results highlighted possible cross-talk between neurons/astrocytes and microglia via NF-jB and CX3CL1/CX3CR1 signaling during the development and maintenance of pathological pain evoked by TSS.
Discussion
The present study revealed an involvement of NF-jB and the CX3CL1/CX3CR1 axis in TSS-induced pathological pain. In particular, modulation of NF-jB or CX3CR1 Fig. 2 Expression of pNF-jB in the ipsilateral dorsal horn on day 3 after TSS and sham-operation. The cell markers and pNF-jB were visualized by double immunofluorescent staining. NeuN, neuronal marker; GFAP, astrocytic marker; CD11 (labeled by the antibody OX-42), microglial marker. Scale bars, 25 lm.
b Fig. 3 NF-jB inhibition alleviated the development of neuropathic pain and reversed existing mechanical allodynia. A PDTC alleviated the development of mechanical allodynia induced by TSS. B PDTC did not affect the PWTs in sham animals. C PDTC suppressed the established allodynia. *P \ 0.05, **P \ 0.01 PDTC vs NS. signaling not only blocked the development and maintenance of mechanical allodynia but also inhibited the protein expression of each. This implied positive feedback between neurons/astrocytes and microglia during pathological pain.
The role of NF-jB in inflammation has been widely studied-it has been shown to modulate the expression of pro-inflammatory factors including IL-1b, IL-6, TNF-a, IL-17, and IL-18 [13] [14] [15] [16] , and chemokines such as CCL2, CXCL10, and CX3CL1 [17] [18] [19] . Activation of spinal NFjB has been reported in pain models such as chronic constriction injury (CCI) [20, 21] , diabetic neuropathic pain [22] , and brachial plexus avulsion [23] . We further showed that TSS significantly increased the spinal pNF-jB level for [7 days . Inhibition of spinal NF-jB by i.t. PDTC before the development of allodynia robustly delayed or prevented TSS-induced mechanical allodynia. The allodynia established after TSS was also effectively relieved by PDTC. TSS has been used as a model of nerve injury [11] . Thus, the present results suggest the involvement of NF-jB activation in both the development and maintenance of TSS-induced pathological pain. Consistent with previous studies showing both pNF-jB and CX3CR1 upregulation in rats with CCI [24] and i.t. PDTC inhibition of CCIinduced CX3CR1 expression [25] , our current results showed that following TSS, spinal CX3CR1 expression increased in parallel with NF-jB, and this was suppressed by the NF-jB inhibitor PDTC. Also, blockade of CX3CR1 prevented or alleviated TSS-induced allodynia. However, as shown above, pNF-jB was predominantly expressed in spinal neurons, in a few astrocytes, and not in microglia, whereas CX3CR1 in the dorsal horn is exclusively expressed in microglia in naive and in TSS-treated rats [26] (another report from our lab). A recent work from Xin's laboratory showed that paclitaxel increases the recruitment of NF-jB p65 to the Cx3cl1 promoter region [19] . In support of this, we found that i.t. injection of PDTC significantly attenuated TSS-induced CX3CL1 in the dorsal horn. Also, our previous study revealed that spinal CX3CL1 occurs mostly in neurons and at a low level in astrocytes [26] , suggesting a cellular distribution similar to NF-jB. Thus, we reasoned that inhibition of NF-jB might indirectly attenuate CX3CR1 via downregulating CX3CL1.
b Fig. 5 Blockade of CX3CR1 alleviated the development of neuropathic pain and reversed existing mechanical allodynia. A CX3CR1 antibody prevented the development of TSS-induced allodynia. B CX3CR1 antibody did not affect the PWTs in sham-operated animals. C CX3CR1 antibody reversed the existing allodynia. **P \ 0.01 CX3CR1 antibody vs IgG.
In support, it has been reported that knockdown of CX3CL1 directly affects the expression of CX3CR1 [27] . Also, activation of NF-jB continually promotes the CX3CL1-CX3CR1 interaction [28] . In addition, other interactive networks may exist. For example, NF-jB could regulate IL-23 expression via NF-jB binding sites in the p19 subunit gene promoter of IL-23 [29] . PDTC has also been reported to reduce COX-2 [30] and the pro-inflammatory cytokines IL-1b, IL-6, and TNF-a [31] . COX-2, IL1b, IL-6, IL-23, and TNF-a have all been implicated in neuropathic pain, and may modulate the CX3CL1/ CX3CR1 axis. Interestingly, here we not only demonstrated that NF-jB regulated CX3CR1 expression, but also, conversely, that blocking CX3CR1 decreased the pNF-jB level. In many cell systems, the CX3CL1/CX3CR1 axis has been shown to regulate the NF-jB pathway [32] . Ding et al. [33] further reported that, in mice with LPS-induced acute lung injury, activation of the CX3CL1/CX3CR1 axis increases the level of NF-jB phosphorylation, and CX3CL1-knockout mice exhibit decreased pNF-jB level.
There are still some limitations of our study on the crosstalk between NF-jB and CX3CR1. Although blockade of CX3CR1 inhibited TSS-induced pNF-jB, we do not know which molecules and signals are involved. Further study is needed to explore the direct target molecule for CX3XR1 and NF-jB regulation. Another interesting outcome of the present study was that unilateral TSS induced bilateral mechanical allodynia and bilateral upregulation of pNF-jB and CX3CR1. A similar phenomenon has been reported in other independent mirror-pain studies. Choi et al. [34] reported that spinal IL-1b and astrocytic connexin 43 play a role in the development of mirror-image pain, but intriguingly, they also pointed out that IL-1b is expressed by microglia and capable of suppressing astrocyte activation, ultimately preventing the development of contralateral mirror pain [35] . Although the mechanism of mirror-image pain has not been fully determined, a general consensus is that some mediators (inflammatory mediators in particular) spread to the contralateral spinal cord and activate the corresponding effector cells [36] [37] [38] . This study is among the very few suggesting that microglia are involved in the mechanism underlying mirror pain. Different from those of Choi, our findings support the hypothesis that microglia play a contributory rather than a suppressive role. In any case, further research is needed for more compelling evidence.
In summary, in the present study we showed that unilateral TSS induced bilateral mechanical allodynia and up-regulated the expression of phosphorylated NF-jB and CX3CR1. Blockade of NF-jB and CX3CR1 not only attenuated/reversed the TSS-induced allodynia, but also down-regulated the expression of each. Thus, NF-jB and the CX3CR1 network may be important targets for new approaches to pain relief.
